Abstract. We report on the results of a broad band (0.1-200 keV) spectral study of Cyg X-2 using two BeppoSAX observations taken in 1996 and 1997, respectively, for a total effective on-source time of ∼ 100 ks. The color-color (CD) and hardness-intensity (HID) diagrams show that the source was in the horizontal branch (HB) and normal branch (NB) during the 1996 and 1997 observation, respectively. Five spectra were selected around different positions of the source in the CD/HID, two in the HB and three in the NB. These spectra are fit to a model consisting of a disk blackbody, a Comptonization component, and two Gaussian emission lines at ∼ 1 keV and ∼ 6.6 keV, respectively. The addition of a hard powerlaw tail with photon index ∼ 2, contributing ∼ 1.5% of the source luminosity, improves the fit of the spectra in the HB. We interpret the soft component as the emission from the inner accretion disk, with inner temperature, kT in , varying between ∼ 0.8 and ∼ 1.7 keV and inner radius, R in , varying between ∼ 26 and ∼ 11 km (assuming an inclination angle of the system of 60
Introduction
Low Mass X-ray Binaries (hereafter LMXBs) are binary systems where a low-mass star loses mass which is accreted, at least in part, onto a weakly magnetic neutron star (NS) or a black hole candidate (BHC). LMXBs containing NSs are usually divided into two classes: the socalled Z sources, with luminosities close to the Eddington luminosity, L edd , and the Atoll sources, which usually have lower luminosities, ∼ 0.01 − 0.1 L edd . This widely used classification relies upon a combination of the X-ray spectral properties of these sources, namely the pattern traced out by individual sources in an X-ray color-color diagram (CD) or hardness-intensity diagram (HID), and their correlated timing properties (Hasinger & van der Klis 1989) . The six known (Galactic) Z sources describe a Z-track in the CD on timescales of a few days, while the sources of the atoll class trace out an atoll-shaped track in the CD on a timescale of weeks. Considerable evidence has been found that the mass accretion rate of individual Z-sources increases from the top left to the bottom right of the Zpattern (e.g. Hasinger et al. 1990 ), i.e. along the so called horizontal, normal and flaring branches (hereafter HB, NB and FB, respectively) . Similarly, in atoll sources the accretion rate increases from the so-called island state to the upper banana branch.
Accurate timing studies, mainly performed with the large area Proportional Counter Array (PCA) on board the RXTE satellite, have shown the existence of compelling correlations between rapid variability phenomena -such as Quasi-Periodic Oscillations, QPOs, band-limited noise, etc., present in the frequency range extending from Hz to kHz -and spectral states as defined by the position of the source on the CD (cf. Hasinger & van der Klis 1989 ; for reviews see van der Klis , 2000 . In fact (almost) all the timing features characterizing the power density spectra of these sources seem to vary in a smooth and monotonic way when the source moves along its CD track (e.g. Wijnands & van der Klis 1999; Psaltis et al. 1999) ; this clearly indicates a tight correlation between spectral and temporal behavior. These results have strengthened the idea that a single basic parameter determines both the temporal and the spectral behavior of these sources, and that this is most probably the mass accretion rate. However, the lack of a direct correlation between X-ray luminosity (where most of the accretion energy should be released) and the inferred mass accretion rate (e.g. Hasinger & van der Klis 1989; Méndez 2000 , and references therein), is still to be understood. Indeed the observed Xray flux may be easily affected by geometrical effects. In this case multiwavelength observations, from X-rays to UV and optical (which are thought to originate from X-rays reprocessed by the accretion disk, which subtends a large solid angle as seen from the X-ray source and is therefore less affected by geometrical effects), are required to properly study the influx of X-rays and therefore the accretion rate onto the compact object. Multiwavelength observations conducted on some Z sources have already shown a good correlation between X-ray spectral states and UV emission, indicating that the mass accretion rate increases from the HB to the NB and to the FB (see e.g. Hasinger et al. 1990; Vrtilek et al. 1990; 1991a) . Alternatively, the mass accretion rate might vary non-monotonically along the CD track, a possibility suggested by some recent results on the decrease of the frequency of the so-called horizontal branch oscillations, HBOs, in GX 17+2 when the source was in the NB, i.e. at high inferred mass accretion rates, while simultaneously the frequency of the kHz QPOs, which are thought to track the inner radius of the disk, continued increasing . Also, in some cases, the X-ray burst properties, which are expected to depend on the mass accretion rate, do not show a clear correlation with the position in the CD (see e.g. Kuulkers et al. 2002) . A possible explanation for this phenomenology, where the X-ray flux can directly reflect accretion rate,Ṁ , and the spectral and temporal properties depend onṀ normalized by its own long-term average, which determines the inner radius of the disk, was recently proposed by van der Klis (2001) .
The X-ray spectra (and also timing properties) of the atoll sources show some similarity with those of BHCs in their lower luminosity states. In fact these spectra can often be described by a soft component, fitted by a blackbody or a multi-temperature disk blackbody (kT ∼ 0.5−1 keV), plus a power law with high energy cutoff usually at energies between ∼ 10 and ∼ 100 keV, probably originating from thermal Comptonization of soft photons by hot electrons in a surrounding corona (see, however, Markoff et al. 2001) . Also, atoll sources can be found in soft (high luminosity) spectral states, where most of the energy is emitted below ∼ 10 keV, and hard (low luminosity) spectral states, where the soft emission is much reduced and the spectrum is dominated at high energies by a power law. It was originally thought that the electron temperature in the scattering cloud should be lower for the NSs than for the BHCs because of the extra cooling due to the soft photons emitted by the NS surface (e.g. Churazov et al. 1997 ). This seems indeed true for those systems in which a high energy cutoff has been observed, although some LMXBs harbouring a NS do not show any evidence for a cutoff up to energies of ≥ 100 keV (Barret et al. 1991; Yoshida et al. 1993; Harmon et al. 1996; Piraino et al. 1999; Barret et al. 2000) .
The high energy spectral hardness of LMXBs, i.e. the ratio of the count rate in the 40-80 keV band to that in the 13-25 keV band, decreases monotonically for sources of increasing luminosity (van Paradijs & van der Klis 1994) . In fact the X-ray spectra of the Z sources are softer than those of atoll sources and dominated by thermallike components with temperatures well below ∼ 10 keV. This is in agreement with the expectation that in a highluminosity regime the presence of numerous soft photons could provide strong Compton cooling and result in softer spectra. However, hard power-law components, dominating the spectrum above ∼ 30 keV, have been detected in several luminous and otherwise soft Z sources. These were detected several times in the past, e.g. in Sco X-1 (e.g. Peterson & Jacobson 1966) , and in GX 5-1, where the power-law intensity decreased when the source moved from the NB to the FB, i.e., from lower to higher inferred mass accretion rates (Asai et al. 1994 ; note that contamination from a nearby source could not be excluded in this case). Hard power-law tails have been recently found in several other bright LMXBs. These components can be fit by a power law, with photon index in the range 1.9-3.3, contributing from 1% to 10% of the source luminosity; significant variations with the spectral state of the source have been detected. In particular, the first unambiguous detection of a hard tail varying with the position of the source in the CD was obtained through a 0.1-200 keV BeppoSAX observation of GX 17+2 (Di Salvo et al. 2000) , where a hard power-law component was observed in the HB, which systematically weakened (by up to a factor of ∼ 20) when the source moved to the NB. The presence of a variable hard tail in Sco X-1 was confirmed by OSSE and RXTE observations (Strickman & Barret 2000; D'Amico et al. 2001) . A hard tail was also detected in BeppoSAX data of GX 349+2 , Cyg X-2 (Frontera et al. 1998) , and the peculiar LMXB Cir X-1 . In most of the cases cited above the hard component appeared to become weaker at higher inferred accretion rates. The only known exception to this behav-ior is currently Sco X-1, where the presence and intensity of the hard power-law tail does not show any clear correlation with the position of the source in the CD (D'Amico et al. 2001) ; it might, however, be correlated with periods of radio flaring (Strickman & Barret 2000) .
Among the Z sources Cyg X-2 is one of the most interesting and best-studied sources. The distance and the inclination angle of the source have been estimated to be 8 kpc and 60
• , respectively (see e.g. Hjellming et al. 1990; Orosz & Kuulkers 1999) . The companion is an evolved, late-type ∼ 0.4 − 0.7 M ⊙ star, the spectral type of which seems to vary from A5 to F2 with the binary period of 9.84 days, probably due to the heating of the companion surface by the X-ray emission from the compact object (see, however, Casares et al. 1998) . The latter was identified as a low magnetic field NS after the observation of type-I X-ray bursts from the system (e.g. Kahn & Grindlay 1984) . Cyg X-2 shows high-intensity states (with a 2-10 keV luminosity higher than 7 × 10 37 ergs/s), usually characterized by irregular dipping activity (Vrtilek et al. 1988 ; see also Kuulkers et al. 1996) . This dipping activity is absent during the low-intensity states, which instead show a modulation of the X-ray flux, i.e. an intensity reduction up to 40% at the binary phase 0.4-0.8, probably due to the obscuration of an accretion disk corona by a tilted accretion disk (Vrtilek et al. 1988) . Cyg X-2 usually exhibits all three branches of the Z-track, although its behavior in the FB is quite unusual. It shows an intensity decrease from the bottom of the NB to the FB which can be identified with the dipping activity. Cyg X-2, together with GX 5-1 and GX 340+0, shows secular variations of the position of the Z-pattern in the CD on long time scales (more than a few days; see Kuulkers et al. 1996 for an extensive study). These variations have been interpreted in terms of a high inclination angle of these sources, allowing matter near the equatorial plane to modify the emission from the central region (e.g. Kuulkers et al. 1996) , but these could also be a consequence of a more general behavior of LMXB accretion (van der Klis 2001). Simultaneous multiwavelength observations showed that the UV flux and optical emission lines' strength increase from the HB to the FB (Vrtilek et al. 1990; van Paradijs et al. 1990 ). Also, strong non-thermal radio flares were observed in the HB and upper NB, whereas the source was radio quiet in the lower NB and in the FB ).
The continuum spectrum of Cyg X-2 has been fitted by two-component models, in particular the so-called Western model (White et al. 1986 ), consisting of a blackbody component, originating from (or close to) the NS, and a power law with high energy cutoff, approximating unsaturated Comptonization from the inner disk (see e.g. Hasinger et al. 1990 using Ginga data; Smale et al. 1993 using BBXRT data) , and the Eastern model (Mitsuda et al. 1984) , consisting of a multi-temperature blackbody from the accretion disk and a Comptonized blackbody from the NS (e.g. Hasinger et al. 1990 ; Hoshi & Mitsuda 1991 using Ginga data). In the framework of the Eastern model, the disk emission has also been described by nonstandard models, where the radial temperature gradient q was considered as a free parameter in the fit (Hirano et al. 1995) . This parameter was found to change continuously from the HB to the FB, suggesting that the disk undergoes structural changes when the source moves along the CD. However, the evolution of the spectral parameters of the source along the CD track is still not clear, given that the data collected and examined up to now did not allow distinguishing between the different models, which in turn led to different results. The Cyg X-2 X-ray spectrum above ∼ 20 keV has been studied with detectors on balloons (an overview of the earliest high energy observations of Cyg X-2 can be found in Peterson 1973) . Interestingly, an unexpectedly hard spectrum was observed from Cyg X-2. This was fitted by a power law with photon index 2.8 (Maurer et al. 1982 ) or 1.9 (Ling et al. 1996) . Matt et al. (1990) concluded that, while the 25-50 keV flux from Cyg X-2 was compatible with the extrapolation of the low energy spectrum, the shape of the hard spectrum was flatter than expected, and that therefore only simultaneous broad band observations of the X-ray spectrum could confirm or disprove the presence of a third hard component.
An emission line at ∼ 6.7 keV from highly ionized iron has also been reported in the energy spectrum. The line is quite broad (its width was measured from BBXRT data to be ∼ 1 keV FWHM) and has an equivalent width of ∼ 60 eV (Smale et al. 1993) . These authors suggest that the width of the line, together with the lack of a significant iron absorption edge, could be explained by reflection from a highly ionized disk surface. An Fe absorption edge, with an energy of 8 keV and column density of ∼ 10 19 cm −2 , was reported in the lower NB and in the FB from Ginga observations (Hirano et al. 1995) . Note, however, that these features are usually quite broad and therefore sensitive to the assumed continuum model. Emission lines at energies between 0.6 − 1.1 keV were reported several times (see e.g. Vrtilek et al. 1986 Vrtilek et al. , 1991b Kuulkers et al. 1997) ; these likely result from ionized O and Fe. The strength and energy of these soft lines appears to depend on the spectral state of the source. This is to be expected given that these lines are very sensitive to the temperature of the emitting material (Kallman et al. 1989 ).
We report here on the broad band (0.1-200 keV) spectral analysis of two BeppoSAX observations of Cyg X-2. The source was in the HB and NB during these observations, providing the possibility of studying the spectral variations along a considerable part of the CD. A hard power-law tail is significantly detected only in the HB spectra, showing a behavior similar to that observed in GX 17+2.
Observations
We analyzed two BeppoSAX (Boella et al. 1997a ) observations of Cyg X-2 from the public BeppoSAX archive. The first observation was performed during the Science Verification Phase on 1996 July 23 for an exposure time of ∼ 33 ks. The second observation took place in 1997 October 26-28, for an exposure time of ∼ 66 ks. Results from the 1996 and 1997 observations were discussed, respectively, in Kuulkers et al. (1997, who analyzed the 0.1-10 keV spectrum from the low-energy instrument) and in Frontera et al. (1998, who analyzed the 2-200 keV spectrum, averaged over the whole observation). The BeppoSAX Narrow Field Instruments (NFI) consist of four co-aligned instruments covering the energy range between 0.1 and 200 keV. X-ray images were obtained with three (in July 1996) and two (in October 1997) Medium Energy Concentrator Spectrometers (MECS, position sensitive gas scintillator proportional counters operating in the 1.3-10.5 keV band; Boella et al. 1997b ; in May 1997 detector unit 1 stopped working) and a Low Energy Concentrator Spectrometer (LECS, a thin-window position-sensitive gas scintillator proportional counter with extended low energy response, 0.1-10 keV; Parmar et al. 1997) , each in the focal plane of the X-ray concentrators. These in turn consist of a set of 30 nested conical mirror shells providing an approximation to a Wolter-I type geometry. Due to UV contamination problems, the LECS was operated only at satellite night time, resulting in reduced exposure time (∼ 10.2 and ∼ 23 ks for the 1996 and 1997 observations, respectively). The LECS and MECS Cyg X-2 data were extracted from circular regions centered on the source and with radii of 8 ′ and 4 ′ , respectively, corresponding to ∼ 90% of the instruments' point spread function. Data extracted from the same detector regions during blank field observations were used for background subtraction. The High Pressure Gas Scintillation Proportional Counter (HPGSPC; energy range of 6-30 keV; Manzo et al. 1997) and Phoswich Detection System (PDS; energy range of 13-200 keV; Frontera et al. 1997 ) are non-imaging instruments, the field of view (∼ 1
• FWHM) of which is limited by rocking collimators that can alternate on and off the source. Background subtraction for these instruments was obtained from data accumulated during off-source intervals. The effective exposure was 20 and 26 ks in the HPGSPC and 18 and 27 ks in the PDS during the 1996 and 1997 observations, respectively. No contaminating sources are known to be present within 1
• from Cyg X-2, and all the available evidences confirm that there were no significant contaminating sources in the field of view of the HPGSPC and PDS, both in the on-source and off-source positions. In fact the off-source count rates are in the expected range and display the characteristic orbital dependence arising from the variable particle background; moreover the HPGSPC and PDS spectra align well with each other and with the MECS spectra.
The light curve of Cyg X-2 in the MECS energy range (1.4-10.5 keV) during the 1996 and 1997 observation is shown in Fig. 1 (left and right panel, respectively) . During the 1996 observation the intensity gradually increased from ∼ 120 to ∼ 180 counts/s, while during the 1997 observation it was quite constant at ∼ 190 counts/s, except for a "dip" in the first part of the observation, during which the intensity decreased to ∼ 160 counts/s. Fig. 2 shows the CD (left) and the HID (right) where the hard color, HC, is the ratio of the 7-10.5 keV and 4.5-7 keV MECS count rates, the soft color, SC, is the ratio of the 4.5-7 keV and 1.4-4.5 keV MECS count rates and the intensity is again the 1.4-10.5 keV count rate. Two branches are clearly seen in the diagrams, closely resembling the HB and NB, due to, respectively, the 1996 and 1997 data. The two branches seem to connect in the usual way, so there are no obvious shifts in the CD or HID. Note that the source intensity variations in the HB were relatively pronounced. The 1996 observation was therefore divided into two intervals, corresponding to different source intensity ranges, as indicated in Fig. 2 (right panel). We will refer to these two intervals as the upper HB (i.e. the interval corresponding to the lower intensity range in the HB) and the lower HB (the interval corresponding to the higher intensity level in the HB). During the 1997 observation the source was in the NB, and larger changes in the colors took place, while the variations in intensity were less pronounced. This observation was divided into three time intervals, in which the source, on the average, exhibited different SC, even if on short time scales the behavior of the SC was more complex. These intervals are shown in Fig. 2 (left panel) . We call these intervals lower NB (corresponding to lower SC values in the NB), middle NB (corresponding to intermediate SC values in the NB) and upper NB (corresponding to higher SC values in the NB). In order to investigate the changes of the source spectrum as a function of position in the CD or HID, we accumulated the energy spectra of each NFI over the five different intervals described above, i.e. two spectra in the HB and three in the NB. The (absorbed) source luminosity in the 0.1-100 keV energy band ranged from ∼ 0.89×10 38 ergs/s in the upper HB to ∼ 1.5×10 38 ergs/s in the NB, assuming a source distance of 8 kpc.
In our spectral analysis we used data corresponding to the following energy ranges: 0.12-4 keV for the LECS, 1.8-10 keV for the MECS, 8-30 keV for the HPGSPC and 15-200 keV for the PDS. All spectra were rebinned in order to oversample the full width at half maximum of the energy resolution by a factor of 5. A systematic 1% error was added to each spectrum to account for calibration uncertainties. As customary, in the spectral fitting procedure we allowed for different normalizations in the LECS, HPGSPC and PDS spectra relative to the MECS spectra, 
Spectral analysis
In line with previous studies (e.g. Mitsuda et al. 1984; White et al. 1988; Di Salvo et al. 2000 , we tried several two-component models to fit the X-ray continuum of Cyg X-2. These were a blackbody or a multitemperature blackbody disk model (diskbb in the terminology of the spectral fitting program XSPEC v.11) for the soft component, together with a blackbody or a thermal Comptonization model for the harder component. Among Comptonization spectra we considered: a power law with exponential cutoff (cutoffpl), a Comptonization spectrum of cool photons scattering off hot electrons (compst, based on the solution of the Kompaneets equation given by Sunyaev & Titarchuk 1980) , and a Comptonization spectrum of an input Wien spectrum of soft photons by a hot plasma (comptt, which includes relativistic effects and takes into account the dependence of the scattering opacity on seed-photon energy, which is a free parameter of the model ; Titarchuk 1994; Hua & Titarchuk 1995; Titarchuk & Lyubarskij 1995) .
For the three spectra in the NB the best fit to the continuum was found using the diskbb plus comptt model (see results in Table 1 ). This is slightly different from the blackbody plus comptt model that was used to fit the spectra of other Z sources (e.g. Di Salvo et al. 2000 ; Di 1 see the BeppoSAX handbook at ftp://sax.sdc.asi.it/pub/sax/doc/software docs. ; in the case of Cyg X-2 this model gave significantly worse fits for some of the intervals. In fact by using this model we obtained χ 2 /d.o.f. of 274/190, 398/190 and 273/189 for the spectra of the upper NB, the middle NB and the lower NB, respectively, generally worse (especially in the case of the middle NB spectrum) than the results obtained using diskbb instead of blackbody (cf. Table 1 ). The fit with the diskbb is preferable also because using the blackbody for the soft component the low energy line becomes unphysically broad (σ ∼ 0.32 keV) and strong (equivalent width of ∼ 230 eV) and centered at lower energies (∼ 0.89 keV). In the cases of the middle and the lower NB spectra the fit using the singletemperature blackbody can be improved adding a power law with photon index ∼ 3. This model gives χ 2 /d.o.f. of 311/188 and 213/187 for the middle NB and lower NB, respectively, which are comparable with the ones obtained using diskbb for the soft component. Again this last model is preferable because it is simpler and because the steep power law is indeed needed to fit the soft part of the spectrum instead of the hard part, where it gives almost no contribution. We therefore assumed the diskbb plus comptt model reported in Table 1 as the best fit model.
The temperature of the disk blackbody component is ∼ 1.6 keV, slightly decreasing from the upper to the lower NB. The corresponding inner disk radius, R in √ cos i, is between 8.1 and 9.7 km, slightly increasing along the NB. The Comptonized component gives a seed-photon temperature of ∼ 2 keV, slightly decreasing along the NB. These photons are Comptonized by hot electrons at a tempera- ture that seems to increase from ∼ 3.5 keV to ∼ 20 keV along the NB. At the same time the optical depth of the Comptonizing cloud (calculated in the case of a spherical geometry) decreases from ∼ 7 to ∼ 0.4. Note, however, that the uncertainty on these two parameters becomes very large in the lower-NB spectrum. We have calculated the radius, R W , of the seed-photon emitting region by using the bolometric luminosity of the soft photons obtained from the observed luminosity of the Comptonized spectrum after correction for energy gained in the inverse Compton scattering, and assuming a spherical geometry. Zand et al. 1999) , where D is the distance to the source in kpc, f bol is the unabsorbed flux of the Comptonization spectrum in erg cm −2 s −1 , kT 0 is the seedphoton temperature in keV, and y = 4kT e τ 2 /m e c 2 is the relative energy gain due to the Comptonization. Inferred radii, reported in Table 1 , are in the range between 1.8 and 3.5 km. These are small when compared to the values that were obtained for GX 17+2 (with R W ∼ 12 − 17 km; Di Salvo et al. 2000) and GX 349+2 (R W ∼ 7 − 9 km; Di , by using a similar model.
This can be expressed as
We used the same continuum model to fit the spectra in the HB, although in the spectrum of the upper HB the soft component is similarly well described by a blackbody or a diskbb model. In fact, because the soft component has now a much lower temperature, these two models become virtually undistinguishable. The inner disk temperature is now 0.8-0.9 keV, corresponding to a larger inner disk radius of R in √ cos i ∼ 16 − 19 km. The seedphoton temperature is around 1 keV, with a radius of the seed-photon emitting region of R W ∼ 10 km. The Comptonizing cloud has an electron temperature of ∼ 3 keV and an optical depth of ∼ 10. The values of the parameters in this case are very similar to those found for GX 17+2 and GX 349+2.
However, in these spectra the PDS data points above 30 keV were systematically above the model, as it can be seen in the residuals (in units of σ) shown in Fig. 3 (middle panels). To fit these points we added a power-law component to the continuum model. The addition of this component eliminates the residuals at high energy (see Fig. 3 , bottom panels), giving a reduction of the χ 2 /d.o.f. from 292/195 to 270/193 for the upper HB and from 259/193 to 234/191 for the lower HB, corresponding to a probability of chance improvement (calculated using an F-test) of ∼ 4.8 × 10 −4 and ∼ 3.6 × 10 −4 , respectively. Other models for this hard excess (e.g., a thermal bremsstrahlung with temperature of the order of a few tens of keV) gave comparably good results. The power-law component has a photon index of 1.8-2.1 and contributes ∼ 1.5% of the 0.1-100 keV observed luminosity. We tried to average together the two spectra in the HB, given that the obtained spectral parameters for these two spectra are quite similar. In this case, we could obtain a stable fit only fixing the N H and the Fe line centroid energy. The obtained spec- Table 1 . Results of the fit of Cyg X-2 spectra in the energy band 0.12-200 keV, with a disk blackbody, a Comptonized spectrum modeled by Comptt, a power law, and two Gaussian emission lines. Uncertainties are at the 90% confidence level for a single parameter. kT W is the temperature of the soft seed photons for the Comptonization, kT e is the electron temperature, τ is the optical depth of the scattering cloud in a spherical geometry. I is the intensity of a Gaussian emission line in units of photons cm −2 s −1 . The power-law normalization is in units of photons keV −1 cm −2 s −1 at 1 keV. Upper limits on the power law normalizations are at 90% confidence level. The total flux, in units of 10 −8 ergs cm −2 s −1 , refers to the 0.1-100 keV energy range. F-test indicates the probability of chance improvement of the fit when the power law is included in the spectral model. Fixing the photon index to 2.09 (i.e. the best fit value in the lower HB), we found upper limits at 90% confidence level to the power-law normalization in the spectra of the NB, where such a component is not required. These upper limits, together with the F-test for the addition of this component, are reported in Table 1 . The derived upper limits are still compatible with the best fit values of the power-law normalization in the HB, indicating that the reason for the non-detection of the power law in the NB might be the hardening of the Comptonized component, the electron temperature of which systematically increases when the source moves from the HB to the NB.
Two emission lines are needed to fit all these spectra: the first one is at an energy between 0.99 and 1.06 keV and seems to be stronger in the HB (where it is also broader), with equivalent widths of 70-80 eV, than in the NB, where the equivalent widths are between 28 and 38 eV. The second emission line is at an energy of 6.6-6.7 keV, with equivalent widths from 24 to 55 eV. Note that also in this case the equivalent width is higher when the width is larger (i.e. in the HB and lower NB, see Table 1 ). Both these lines are highly significant in our spectra (Ftests give probabilities of chance improvement lower than ∼ 10 −18 for the addition of the low-energy emission line, and lower than 7 × 10 −5 for the addition of the iron Kα line) and were already known to be required to fit the spectrum of Cyg X-2 (see e.g. Kuulkers et al. 1997; Smale et al. 1993 , and references therein).
Data and residuals in units of σ with respect to the corresponding best fit model containing all the required spectral components are shown in Figs. 3 and 4 (top and bottom panels, respectively) for four representative spectra. Note that for the upper-HB spectrum the fit is unstable if all parameters are set free, because of the interplay of the several spectral components to fit the low energy part of the spectrum. We obtained a stable fit by fixing the equivalent absorption column, N H , and the Fe line centroid energy to the best fit values obtained for the lower-HB spectrum. In all the other cases the fit was stable, including the lower-HB spectrum which has the same number of parameters (this can be due to the higher in- tensity in this interval). To better see the spectral changes in Cyg X-2 according to the model described above, we show in Fig. 5 the unfolded spectra for the interval corresponding to the lower HB and the three intervals in the NB, together with the components of the best fit model.
From an inspection of the residuals (Fig. 3 and 4 , bottom panels) we can see that some structures are still present at energies lower than 5 keV, which may indicate the presence of other narrow emission/absorption features. In particular, the feature which has the highest statistical significance is an excess around 2.5 keV. Adding a Gaussian emission line at this energy gives an improvement of the fit with a probability of chance improvement between ∼ 7×10 −2 and ∼ 10 −6 . The highest statistical significance for the addition of this feature is found in the middle NB spectrum, where this reduces the χ 2 /d.o.f. from 320/190 to 272/187. The best fit parameters of this line give a centroid energy of 2.631 ± 0.033 keV, a width σ < ∼ 0.09 keV (compatible with the instrumental energy resolution) and an intensity of (7.3 ± 1.8) × 10 −3 photons cm −2 s −1 . Note that the reduced χ 2 found for the middle NB spectrum is still high to be statistically acceptable. However, the model described above is the one which gave the best fit to this spectrum and no obvious features are visible in the residuals with respect to this model. Also a high value of the χ 2 is not surprising given the high statistics of the BeppoSAX broad band spectra and the intrinsic complexity of this kind of spectra.
Discussion
We have analyzed two BeppoSAX observations of the LMXB and Z source Cyg X-2 carried out in 1996 and 1997, respectively, for a total exposure time of ∼ 100 ks. As already mentioned, Cyg X-2 is known to show complex long term intensity variations; high-intensity and lowintensity states have been observed to be characterized by quite different behaviors. Cyg X-2 also shows secular shifts of the position of the Z-track in the CD/HID. Therefore it is not straightforward to conclude whether or not the two BeppoSAX observations belong to similar states. We have identified the BeppoSAX observation periods in the RXTE/All Sky Monitor light curve. We can see that the 1996 observation occurred a few days before the transition to a probable low-intensity state, and probably corresponds to a "medium state", which sometimes has been observed (Vrtilek et al. 1986 ). The 1997 observation occurred during a quite high-intensity state. However, the CD and HID of these two observations connect smoothly both in the hard and soft colors and the intensity, suggesting that there are no significant shifts between the two observations. The source was mainly in the HB during the 1996 observation and in the NB during the 1997 observation. We selected five spectra in different positions of the CD/HID; two of these spectra correspond to the HB and three to the NB. The 0.1-100 keV source luminosity increases from 0.89 × 10 38 ergs/s to 1.5 × 10 38 ergs/s (assuming a distance of 8 kpc) when the source moves from the upper HB to the lower HB and then to the upper NB. In the NB the luminosity remains almost constant at 1.5 × 10 38 ergs/s. The X-ray spectrum of Cyg X-2 has a complex shape and requires several components, which makes the spectral fitting non-unique (see also Piraino et al. 2002; Done et al. 2002) . Keeping this in mind we now discuss the two-component continuum model which gave the best fit to most of the spectra analyzed here, which consists of a disk blackbody plus the Comptonization model comptt. This is different from the continuum model that was used to describe the BeppoSAX broad band spectrum of other Z sources (GX 17+2, Di Salvo et al. 2000; GX 349+2, Di Salvo et al. 2001) , i.e. a single temperature blackbody plus comptt. The difference might be ascribed to the higher temperature of the soft component in Cyg X-2. In fact, while in GX 17+2 and GX 349+2 the temperature of the blackbody component is in the range 0.5 − 0.6 keV, in Cyg X-2 this temperature is higher, ranging from ∼ 0.8 keV in the upper HB up to ∼ 1.7 keV in the NB. Note that when the temperature of the soft component is low (and close to the lower end of the instrument energy range) the disk multi-temperature blackbody and the single-temperature blackbody become indistinguishable, and in fact both these models can well fit the Cyg X-2 spectrum in the upper HB, where the temperature of the soft component is the lowest. On the other hand, when the temperature of the soft component is high (and far from the lower end of the energy range) the difference between the simple blackbody and the disk blackbody (the low-energy end of which is considerably flatter) becomes important, and it is possible to discriminate between these models. This leads us to interpret the soft component in all these spectra as the emission from the inner accretion disk, in agreement with the so-called Eastern model (Mitsuda et al. 1984 ). This interpretation is in agreement with the results obtained from the spectral analysis of type-I X-ray bursts from GX 17+2 (Kuulkers et al. 2002) . In that case the soft component in the persistent emission remains constant during the bursts, thus suggesting that it does not come from the NS.
Also the Cyg X-2 spectra show that the inner disk temperature significantly increases (from ∼ 0.8 keV to ∼ 1.7 keV) when the source moves from the HB to the NB, indicating that the inner rim of the disk approaches the NS at higher inferred mass accretion rates. In fact the inner disk radius, R in , obtained from these spectra decreases from ∼ 26 km in the upper HB to ∼ 11.5 km in the upper NB, assuming an inclination angle i = 60
• . Note that we are here neglecting the systematics effects affecting the values of the inner disk inferred from the diskbb model, such as the color temperature correction (e.g. Shimura & Takahara 1995), relativistic effects (e.g. Zhang et al. 1997 ) and the effect of the stress-free inner Table 1 are shown in this figure as the solid lines on top of the data. The individual model components are also shown, namely the disk blackbody (dashed line), the Comptonized spectrum (comptt model, solid line), two Gaussian emission lines, one at ∼ 1 keV (dot-dashed line) and the other at ∼ 6.7 keV (dotted line), and the power-law (when significantly detected, dot-dot-dot-dashed line).
boundary condition (e.g. Frank et al. 1992) , which usually tend to increase the inferred inner radii by a factor of the order of 1.5 − 2. However, the behavior of the inner disk radius is at least qualitatively in agreement with the observed behavior of the frequencies of the kHz QPOs as a function of the position in the CD. Two kHz QPOs were simultaneously observed in Cyg X-2, at ∼ 500 and ∼ 860 Hz, respectively (Wijnands et al. 1998) . The frequency of the upper peak systematically increases when the source moves down the HB, reaching a maximum of ∼ 1 kHz in the upper NB, before disappearing. As a consistency check we can derive the NS mass from these independent measurements. Assuming that the lowest and highest frequencies measured for the upper kHz QPO (∼ 730 Hz and ∼ 1000 Hz, respectively) correspond, respectively, to the Keplerian frequency at the largest and smallest disk inner radius measured here, we can calculate the NS mass from the Keplerian law: M = ν 2 R the uncertainties are too large, at the moment, to allow us to prove or disprove the assumed model. This behavior, however, is different from that of GX 17+2 for which the parameters of the soft component seem to remain almost constant along the HB and NB (Di Salvo et al. 2000) . This can also be deduced from the shape of the CD of this source, where the HB and NB appear to be almost vertical (with SC on the x-axis; see Wijnands et al. 1997) , indicating that only small variations occur in the SC. In other words, in this scenario it is not clear why GX 17+2 does not show a variation of the soft component similar to the one observed for Cyg X-2, although it shows a similar behavior of the kHz QPO frequencies (see Wijnands et al. 1997; Homan et al. 2002) . This different behavior of the inner part of the disk might also have been observed in UV. Indeed UV observations of Sco X-1 (note that GX 17+2 is a Sco-like source, see below) show that the disk structure does not change when the source moves along the CD (Vrtilek et al. 1991) . On the other hand UV observations of Cyg X-2 show that while the outer disk structure remains unchanged, the inner disk (shorter UV wavelengths) varies when the source moves along the CD (S.D. Vrtilek 2001, private comm.) .
Other significant changes at the transition between the HB and NB occur in the parameters of the Comptonization component produced by the up-scattering of soft seed photons by hot electrons. In particular, the seed-photon temperature increases from ∼ 1 keV to ∼ 2.4 keV when the source moves from the HB to the NB. At the same time the electron temperature of the Comptonizing plasma systematically increases and the optical depth systematically decreases. The radius of the seed-photon emitting region is ∼ 10 km in the HB, similar to the radii of the seedphoton emitting region inferred for GX 17+2 and GX 349+2, while it decreases significantly in the NB, where it ranges from ∼ 1.8 km in the upper NB to ∼ 3.5 km in the lower NB. The radius of the seed-photon emitting region suggests that the NS itself (or the boundary layer between the accretion disk and the NS) could provide the soft photons which are then Comptonized in a surrounding cloud. The Comptonizing cloud might then be a hot corona, a hot flared inner disk, or even the boundary layer between the NS and the accretion disk if it is sufficiently thin and hot (as suggested by Popham & Sunyaev 2001) .
However, in the NB of Cyg X-2 the seed-photon emitting radius becomes much smaller than the NS radius, although we note that the model we use is probably too simple to realistically describe the emission region in these systems, where gradients of temperature and other parameters are possible, if not probable. The smaller value of the seed-photon radius is due to the bolometric flux of the Comptonized component, which is lower by a factor of 2 with respect to that in the HB, and the seed-photon temperature, which is higher by a factor of 2.
A possibility to explain the small seed-photon radius in the NB of Cyg X-2 is that the geometry becomes nonspherical at some critical accretion rate. For instance, the fit results might be explained if at high accretion rates most of accreting plasma in the Comptonizing cloud collapses to a geometrically thin disk, leaving only an optically thin cloud around the inner part of the system, which can be responsible for the Comptonization. Because now the accretion occurs mostly onto the equator of the NS through the thin disk, the emitting region of soft seedphotons will be a strip at the NS equator, implying a reduced emitting area (a geometry similar to that proposed by Church & Balucinska-Church 2001) . Correspondingly, because a similar (no more than a factor of two larger) amount of matter is accreted on a smaller area, the temperature of the NS blackbody emission, and therefore of the seed-photons for the Comptonization, increases. However, it is not clear why the accreting plasma should collapse to a geometrically thin disk at such high accretion rates. Another possibility to explain these changes is that some occulting material (e.g. from a flared inner disk) is obscuring the inner part of the Comptonizing region. In fact the absorption of the low energy part of the Comptonization spectrum might explain the reduction of the observed flux and the higher seed-photon temperature; the seed-photon temperature can be overestimated in this case, because it is mainly determined by the low energy cutoff in the Comptonization spectrum. Note that also the values we measure for the electron temperature and the optical depth may not be representative of the average properties of the Comptonizing region if we mostly see the emission from the outer part, which could have a lower optical depth and therefore a higher temperature. The fact that the Cyg-like Z sources (i.e. Cyg X-2, GX 5-1 and GX 340+0) are thought to have a higher inclination than the other Z sources (referred to as Sco-like sources; Kuulkers et al. 1994; Kuulkers & van der Klis 1995) might explain why in Cyg X-2 these changes are more pronounced than in GX 17+2.
A hard tail, which can be fitted by a power law with photon index ∼ 1.8 − 2, is significantly detected only in the HB spectra of Cyg X-2, and it is not required to fit the spectra in the NB. This behavior is similar to that observed (with much higher statistical significance, cf. Di Salvo et al. 2000) in GX 17+2, where a hard power-law tail was present in the HB spectra and weakened (by up to a factor of ∼ 20) when the source moved down the NB. This similarity is in agreement with the idea of a correlation between the radio flux, which is observed to have a maximum in the HB Penninx et al. 1988) , and the hard tail, which would imply that the hard power-law component is related to the high-velocity electrons (probably from a jet) producing the radio emission. Note also that the power-law component seems to be weaker in Cyg X-2, where it contributes a lower fraction of the total luminosity, and, correspondingly, the radio emission is weaker (see e.g. Fender & Hendry 2000 and references therein). This might be explained by the high inclination of the source, if the radio and the hard X-ray emissions are produced by a jet which is collimated along the perpendicular to the disk. Two (broad) emission lines are needed to fit the spectrum of Cyg X-2. The first one is detected at an energy around 1 keV, with a width of σ ∼ 0.1−0.2 keV and equivalent width between 30 and 80 eV. Both the width and the equivalent width of this line are significantly larger in the HB than in the NB. The LECS data of the 1996 BeppoSAX observation, when the source was in the HB, were already analyzed by Kuulkers et al. (1997) . They found very similar parameters for this emission line, despite their somewhat different continuum model. This feature is probably due to blending of narrow emission lines, as testified to by the fact that the previous higher-resolution observations obtained with the Einstein Objective Grating Spectrometer (OGS) require the presence of multiple line emission around 1 keV from highly ionized Fe, O and other medium Z elements (Vrtilek et al. 1988 ). The other emission line is detected at an energy of 6.6 − 6.7 keV, compatible with Kα emission from highly ionized Fe. The width and equivalent width of this line are also variable, in the range 0.2-0.65 keV and 20-55 eV, respectively, without any clear correlation with the position of the source in the CD/HID. A broad (FWHM ∼ 1 keV) Fe line at ∼ 6.7 keV, with an equivalent width of ∼ 60 eV, was measured in BBXRT data when the source was in a high state, on the lower part of the NB (Smale et al. 1993) . These line parameters are very similar to the ones we measure in the lower NB spectrum. Smale et al. (1993) argue that this line can be produced by reflection from the inner accretion disk if the disk surface is highly ionized. Note that in this case the large width of the iron line is also in agreement with the idea that the source is observed at a high inclination angle. Other narrow emission/absorption features could be present in the low energy (below 5 keV) spectrum of Cyg X-2. In particular an emission line at ∼ 2.5 keV is detected with statistical significance. The energy of this line is consistent with Lyα emission from S XVI at 2.62 keV (see also Kuulkers et al. 1997) .
Conclusions
We have reported on the results of a broad band (0.1-200 keV) spectral analysis of Cyg X-2 using two BeppoSAX observations taken in 1996 and 1997, respectively. The source was in the HB and NB during the 1996 and 1997 observation, respectively. In our spectral deconvolution, using a two-component continuum consisting of a disk blackbody and a Comptonization model, the transition from the HB to the NB can be ascribed to a variation of the soft blackbody component, which becomes harder (and broader) in the NB, and of the Comptonization component, which becomes less prominent in the NB. Based on these results, we interpret the soft blackbody component in the spectra of Z sources as the emission from the inner accretion disk, as previously proposed by the so-called Eastern model. The Comptonization component may then be emitted by hot plasma surrounding the NS. In this interpretation, the changes in the parameters of the soft component indicate that the inner rim of the disk approaches the NS surface when the source moves from the HB to the NB, i.e. as the (inferred) mass accretion rate increases. However, it is not clear why a similar behavior is not observed in other Z sources such as GX 17+2, where the soft component is not observed to change significantly as the source moves from the HB to the NB. The parameters of the Comptonized component in Cyg X-2 also change significantly when the source moves from the HB to the NB. These changes can be explained by an occultation of the Comptonizing region probably caused by matter in an inner flared disk, or by an evolution from a spherical to a non-spherical geometry. Finally we report the presence of a hard power-law tail, which is significantly detected in the HB spectra, where it contributes ∼ 1.5% of the source luminosity. Although the relatively poor statistics does not allow a definitive conclusion, the hard tail might be weaker in the NB. This would be in agreement with the behavior shown by GX 17+2 and with the idea of a correlation between radio flux and hard X-ray tails.
